A gyrotron oscillator capable of generating 100 k W of CW power i s currently under development a t Varian. The t u b 8 i s being designed for operation in the TEo31 c a v i t y mode with the electron beam l o c a t e d a t t h e s e c o n d r a d i a l e l e c t r i c f i e l d maximum i n t h e c a v i t y .
INTRODUCTION
The Varian 140 GHz gyrotron i s being developed a s p a r t of the National Gyrotron Program with the goal of providing sources for use i n e l e c t r o n cyclotron resonance heating (ECRH) 140 GHz tubes which generate power l e v e l s o f 100 kW CW. I n addition, it i s important that the output of the t u b e s c o n s i s t s o f a s i n g l e mode. This enables efficient conversion of t h e microwave power i n t o t h e mode most d e s i r a b l e f o r t r a n s m i s s i o n t o and i n j e c t i o n i n t o t h e e x p e r i m e n t a l v e s s e l . Finally, tubes must be s t a b l e and r e l i a b l e , s i n c e they may be used i n a reactor environment. GYROTRON 
DESIGN
The design of the tube i s centered around an i n t e r a c t i o n c a v i t y which is resonant in the T E z 3 1 mode a t 140 GHz. The e l e c t r o n beam will be located a t t h e s e c o n d r a d i a l maximum in t h e c a v i t y . The choice of the second radial maximum, rather than t h e f i r s t maximum, was made t o f a c i l i t a t e t h e design of the electron gun. (Placement on t h e f i r s t r a d i a l maximum would require a small beam and prohibitively small dimensions in the electron gun. 1 d i f f r a c t s o u t t h e end o f t h e c a v i t y i n t o t h e o u t p u t waveguide and exits the tube through a vacuum window. The electron beam i s collected on t h e walls of the output waveguide as it follows the diverging magnetic field lines of the superconducting gyrotron magnet. Once t h e microwaves e x i t t h e TE031 cavity, they propagate i n t h e TEO3 mode i n c i r c u l a r waveguide. This mode is e a s i l y converted into t h e TEDl c i r c u l a r waveguide mode f o r long distance transmission.
The microwave power g e n e r a t e d i n t h e c a v i t y I n t e r a c t i o n Circuit Simple Cavity.
The f i r s t t y p e o f c a v i t y t o be tested during the 140 GHz program will be a simple, tapered T E o 3 1 cavity. It will be similar in design t o t h e ones used i n many previous gyrotrons (4). of higher order mode c a v i t y is mode competition with neighboring cavity resonances. For the T E 0 3 1 mode, t h e major competing mode is t h e TE231 mode. This aspect is shown graphically in Figure 1 , where t h e t h r e e s o l i d -l i n e c u r v e s r e p r e s e n t t h e smalls i g n a l s t a r t o s c i l l a t i o n c u r r e n t a s a function of m a g n e t i c f i e l d f o r t h e TE231, TE031 and TE521 c a v i t y modes i n a 140 GHz tapered cavity design. The dashed lines superimposed on t h e p l o t a r e t h e r e s u l t s o f l a r g e -s i g n a l c a l c u l a t i o n s f o r t h e TE031 mode alone. Each dashed l i n e shows the v a r i a t i o n of beam current vs magnetic field for a constant output power. The optimum e f f i c i e n c y p o i n t f o r a given power l e v e l i s l o c a t e d a t t h e minimum of each of the curves.
Here we s e e t h a t t h e TE231 mode has a lower starting current than the TE031 mode f o r magnetic fields where t h e TE031 mode has the h i g h e s t e f f i c i e n c y .
T h i s i n d i c a t e s t h a t mode competition w i t h t h e TE231 mode may limit t h e e f f i c i e n c y o f t h e TEo31 mode. Figure 1 , i s the f a c t t h a t t h e optimum e f f i c i e n c y f o r most of t h e power levels One of the major problems i n using t h i s type 
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. shown l i e s o u t s i d e o f t h e TE031 s t a r t i n g c u r r e n t curve. This would i n d i c a t e t h a t a c c e s s t o t h e high efficiency region of parameter space is l i m i t e d ,
since o s c i l l a t i o n must begin in the small-signal regime.
Fortunately, two a d d i t i o n a l p i e c e s of information must also be taken into account when discussing mode competition and a c c e s s i b i l i t y t o the high efficiency regime. First, i n CW operation, it i s p o s s i b l e t o t u r n on t h e o s c i l l a t i o n i n an accessible region of parameter space, with no mode competition, and then tune the parameters to enter the high efficiency regime.
In t h i s c a s e , t h e s t a r t i n g c o n d i t i o n s a r e m o d i f i e d
by t h e p r e s e n c e o f t h e o s c i l l a t i o n , and allow access t o t h e p r e v i o u s l y i n a c c e s s i b l e r e g i o n s o f p a r a m e t e r Another
. Use of low beam voltage reduces the s t r e n g t h o f t h e r f e l e c t r i c f i e l d , which is r e q u i r e d t o o p t i m i z e t h e i n t e r a c t i o n
between the e l e c t r o n beam and c a v i t y f i e l d s .
Lower e l e c t r i c f i e l d s i n t h e c a v i t y imply lower power d e n s i t i e s on
t h e cavity walls. This i s shown i n Figure 2 , where we p l o t e f f i c i e n c y v s o u t p u t power f o r d i f f e r e n t beam v o l t a g e s f o r a simple T E 0 3 1 cavity design.
Here we see that the higher the voltage, the higher t h e power l e v e l a t which optimum e f f i c i e n c y is attained.
Complex Cavity. The second type of cavity to be tested during the 140 GHz gyrotron program i s a T E O~~/ T E~~~ s t e p o r complex cavity. This type of c a v i t y still s u f f e r s from the problem of ohmic heating in t h e c a v i t y w a l l s b u t t h e problem of mode competition is reduced. A schematic diagram of a TE021/TE031 c a v i t y d e s i g n , showing lines of c o n s t a n t r f m a g n e t i c f i e l d , is shown i n Figure 3 . 
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In t h i s t y p e o f c a v i t y , t h e e l e c t r o n beam i s bunched in t h e f i r s t p o r t i o n o f t h e c a v i t y , where mode competition i s l e s s t h a n i n t h e h i g h e r o r d e r mode o u t p u t c a v i t y .
Energy i s then extracted from t h e pre-bunched beam i n t h e l a r g e r c a v i t y . T h i s type of cavity has been successfully employed i n TEo11/TE021 ( 1 ) and TEO11/TE041 ( 7 ) configura-
tions. However, no experiments have yet been performed where t h e mode i n t h e f i r s t p a r t o f t h e cavity is of higher order than
TEOll. This concept will be t e s t e d e a r l y i n t h e 140 GHz program.
Electron Gun
The electron gun f o r t h e 140 GHz gyrotron will be a magnetron i n j e c t i o n gun, s i m i l a r t o t h o s e used on previous gyrotrons developed at Varian. In addition, Varian has recently designed and cons t r u c t e d two magnetron i n j e c t i o n g u n s f o r 140 GHz gyrotron experiments at the Massachusetts Institute of Technology 
i n t e r a c t i o n c a v i t y , w i t h t h e e l e c t r o n beam l o c a t e d a t t h e s e c o n d r a d i a l e l e c t r i c f i e l d maximum i n t h e c a v i t y . S i n c e
the MIT experiments employed the same b a s i c c i r c u i t c o n f i g u r a t i o n and frequency a s t h o s e t o b e used i n t h e p r e s e n t 140 GHz gyrotron development e f f o r t , t h e MIT gun designs served as t h e s t a r t i n g p o i n t f o r t h e gun design for the present 140 GHz gyrotron.
f o r o p e r a t i o n a t 65 kV. 5 A. For t h e p r e s e n t 140 GHz program, however, lower voltage operation is d e s i r e d , a s d i s c u s s e d e a r l i e r .
A second requirement, more c r i t i c a l i n t h e p r e s e n t 140 GHz CW gyrotron than in the MIT short-pulse experiments, i s the need t o minimize beam thickness, or s p r e a d , i n g u i d i n g c e n t e r r a d i i A computer simulation for t h e preliminary electron gun design i s shown i n F i g u r e 4 . A l i s t of the performance parameters for this preliminary gun design are shown in Table 1 .
Both o f t h e o r i g i n a l MIT guns were designed In computer simulations leading to the design shown in Figure 4 and summarized i n Table 1 , beam c h a r a c t e r i s t i c s a t t h e c a v i t y were deduced by a d i a b a t i c a l l y s c a l i n g t h e r e s u l t s of the simulation soon a f t e r t h e beam had entered t h e beam tunnel/ main anode region.
To f u r t h e r v e r i f y t h e performance of the gun, the simulation was c o n t i n u e d a l l t h e way t o t h e c a v i t y . I n F i g , . 5 , we show t h e e l e c t r o n t r a j e c t o r i e s a s t h e y e n t e r t h e c a v i t y . W e note that the laminar nature of t h e beam, p r e s e n t i n F i g u r e 4, has completely disappeared in Figure  5 .
I n a d d i t i o n , t h e p o t e n t i a l depression of the beam a s it entered t h e c a v i t y i s indicated by the behavior of the
49.5 kV equipot e n t i a l l i n e a t t h e e n t r a n c e o f t h e c a v i t y . The p o t e n t i a l d e p r e s s i o n o f t h e beam from t h e grounded tube wall increased from 0.5 kV i n the beam tunnel t o 1.5 kV i n s i d e t h e c a v i t y .
The simulation of the beam a l l t h e way t o t h e c a v i t y i n d i c a t e d t h a t a value of a = 2 could be achieved without mirroring any of t h e e l e c t r o n t r a j e c t o r i e s . T h i s v e r i f i e d t h e e a r l i e r a d i a b a t i c s c a l i n g results, though a small nonadiabatic increase in the perpendicular velocity spread was noted.
Output Taper, Collector and Window
A s mentioned e a r l i e r , t h e o u t p u t waveguide from t h e c a v i t y a l s o s e r v e s a s t h e e l e c t r o n beam c o l l e c t o r . S i n c e t h e c o l l e c t o r must be capable of d i s s i p a t i n g t h e f u l l CW beam power of approximately 400 kW, an uptaper between the cavity and t h e c o l l e c t o r is required. The uptaper for the 140 GHz tube must be designed t o limit conversion of the TE03 output mode t o o t h e r modes, but not be too long. Various nonlinear tapers are currently being i n v e s t i g a t e d t o s a t i s f y these c r i t e r i a . A preliminary design has a calculated mode p u r i t y o f about 975 in the desired TE03 mode.
will be 2.5 inches, the same a s t h a t o f t h e 60 GHz, 200 k W CW tubes (1). This diameter should be s u f f i c i e n t t o a l l o w t h e s a f e c o l l e c t i o n o f t h e s p e n t e l e c t r o n beam, though small magnet c o i l s may be required along the collector to evenly d i s t r i b u t e t h e i m p i n g i n g e l e c t r o n s .
diameter so t h a t no dGwntaper is required between t h e window and t h e c o l l e c t o r .
The window will be a double-disc window, with face cooling between the ceramic discs provided by a low-loss dielectric f l u i d . The major concern i n designing t h e 140 GHz window i s thermomechanical stress in t h e window. The thermomechanical stresses are caused by t h e combination of thermal stresses, due t o t h e r f l o s s e s in the ceramics, and t h e s t a t i c s t r e s s e s , created by t h e pressure of t h e c o o l a n t f l u i d on t h e ceramics (especially on the vacuum s i d e window). This is being investigated for the 140 GHz window by using computer codes which simulate t h e e l e c t r i c a l and mechanical environment of t h e window to optimize the design.
Magnet
The collector diameter for the 140 GHz tubes
The output window will a l s o have a 2.5-inch
The superconducting magnet for the 140 GHz gyrotron must be capable of providing a 50 -56 kG magnetic field in the cavity region. Designs with two and t h r e e main magnet c o i l s a r e b e i n g considered. The magnetic field i n t h e gun region will be regulated by two smaller superconducting coils which will e i t h e r s u b t r a c t o r add t o t h e f i e l d o f the main c o i l s p r e s e n t a t t h e gun.
SUMMARY
The development of the 140 GHz, 100 kW CW gyrotron relies heavily on the technological advances made during previous successful development programs a t lower frequencies. The increased frequency complicates the design of many of t h e important elements of the gyrotron. Some o f t h e c r i t i c a l issues addressed i n the present tube design include:
mode competition w i t h t h e d e s i r e d TE031 operating mode in the cavity, high power densities on t h e c a v i t y w a l l s due t o ohmic l o s s e s , e l e c t r o n beam transmission through the beam tunnel, mode conversion in the uptaper between t h e c a v i t y and t h e c o l l e c t o r , and thermomechanical stresses on t h e o u t p u t window. The achievement of t h e o b j e c t i v e s o f t h e 140 GHz gyrotron effort will represent a significant advance in t h e state-of-the-art of high average power microwave tubes.
